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a b s t r a c t
This work describes an improved design for a nuclear fuel rod, which was developed using an experimental circuit that simulates the nuclear rod environment in a pressurized water reactor (PWR). The heat
exchanger circuit runs atmospheric to high-pressure boiling water through an annular ﬁnned tube
(153 ﬁns), which is used to enhance conﬁned heat transfer rates and guide the nucleate boiling process.
Volumetric electrical generation (Joule effect) is used to simulate nuclear heating. As much as 48 kW of
electrical power is dissipated at different pressure levels up to 40 bar. Under these experimental conditions, heat transfer coefﬁcients of the order of 73,000 W m2 K1 are achieved. Our experimental results
show that critical safety levels can be easily reached using this design approach. Several nucleate boiling
correlations were compared with the controlled experimental data sets, and a modiﬁed functional form
for the boiling heat transfer coefﬁcient is proposed.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
The nuclear fuel is the consumable part of the fuel rod, which is
typically formed by a column of sintered uranium dioxide pellets
encapsulated in zirconium alloy tubes. Fuel rods used in commercial power reactors are generally considered to be very robust
when operating under critical temperature levels because only a
very small number of failures (which may or not imply leakage
of radioactive material into the cooling circuit) are expected. The
high level of engineering reliability of such rods was obtained
through extensive research carried on by universities, research
centers and by industrial manufacturers. Recent works studied
the physical behavior of real and simulated fuel rods under the severe operational conditions found in newly proposed designs for
nuclear power reactors, e.g. [1–3]. The main operational goal is
to ensure that there is no dispersion of radioactively contaminated
water into the cooling circuit. Two critical conditions may determine operational failure: melting by over-heating and over-pressuring of the water line [3].
Fig. 1 is a schematic view of a nuclear fuel rod simulator, and
Table 1 shows the main components of the power circuit. Understanding the heat transfer process in the region between the rod,
pressurized water and the pressure vessel is critical to the overall
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operation of the system. This region involves phase-changing
water (predominantly nucleate boiling), as can be seen in the Fig. 1.
Many reduced order models for the complex physics of nucleate
boiling have been suggested. Mikic and Rohsenow [4] micro convective model, the microlayer model of Cooper and Lloyd [5] and
the line contact model of Stephan and Hammer [6] and Mitrovic
[7] are good examples of such models. Demiray and Kim [8] conclude that micro convection is the main heat transfer mechanism
during nucleate boiling, highlighting that transient conduction
during the re-wetting process is also a critical contributor to the
overall heat transfer rates.
A quantitative analysis of the boiling phenomenon follows pool
boiling and ﬂow boiling experiments. Flow boiling phenomena
plays an important role in conventional PWR nuclear rods, because
of the presence of forced convection [9]. In this speciﬁc experiment, the guide discs affect the ﬂow boiling, causing a conﬁned
pattern, and pool boiling can be used accurately for determining
the HTC. Rops et al. [10] have discussed pool boiling in conﬁned
conditions in greater details, observing an enhancement effect
due to conﬁnement. Fig. 2 represents a typical pool boiling curve
during water phase change considering the heat ﬂux and temperature difference (DT, between wall and saturated ﬂuid), and a conﬁned correspondent curve (as shown by Rops et al. [10]). When DT
is higher than 5 °C the process of nucleate boiling takes place. As
the heat ﬂux increases in the nucleate boiling range, the number
of nucleate sites increase highly for a relatively low variation on
temperature, generating a higher heat transfer coefﬁcient. Rops
et al. [10] indicate that inside a conﬁned recipient, heat ﬂux can
be 10 times greater than in unconﬁned recipients considering the
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same temperature. As represented schematically in the Fig. 2, the
unconﬁned curve tends to be convex and the conﬁned one tends
to be concave [10]. The theoretical physical explanation to this fact
is the difﬁculty for re-wetting process by liquid ﬂow due to the vertical bubble chaotic ﬂow motion in unconﬁned recipients, generating a lower coefﬁcient of heat transfer than in a conﬁned one. For
conﬁned recipients, there is a tendency of circular cyclic ﬂow, facilitating the re-wetting process because colder liquid is pumped towards the heated surface, which generates a higher heat ﬂux.
When DT approaches the critical value, the quantity of nucleate
sites becomes so large that the pattern observed in the unconﬁned
ﬂow becomes very similar to the conﬁned ﬂow patterns. Using
similar criteria, the angular discs between the rod and the pressure
vessel tend to organize the bubble ﬂow, thus enhancing the process of heat exchange.

R
r
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q
s

r
T
w
We

thermal resistance, W1 m2 K
roughness, 1 lm
Reynolds number
density, kg m3
space between discs, 6 mm
surface tension, N m1
temperature, K
uncertainty
/l
Weber number, q h l r
l lv

Subscripts
a
average
b
bubbles
ext
external
f
function
i
independent variables
int
internal
l
saturated liquid
p
constant pressure
pw
pressure vessel wall
red
reduced
sat
saturation
sim
simulator
v
saturated vapor

Table 1
Main components of the experimental loop.
System

Main function

Pressurized
water
Cooling water

To enable heat transfer from the rod by nucleate boiling
(Fig. 3)
To enable heat transfer from pressurized water by forced
convection (Fig. 3)
To deliver Joule effect energy for simulating a nuclear fuel
rod (Fig. 4)

Simulated fuel
rod

On the one side, it is not expected a decreasing on the heat
transfer coefﬁcient (HTC, W m2 K1) as consequence of the rod’s
vertical surface orientation [11]; on the other side, the vertical
heated plate settles the ﬂux upwards, parallel to the pressure vessel’s wall surface, where it is located a great portion of the heat exchange surface area, and a lesser amount of heat (W) is transferred.
On the other hand, the guiding ﬁns emulate a conﬁned environment; the annular discs force the ﬂow in the direction of the pressure vessel wall, where bubbles condensate due to the lower
temperature. Fig. 1 shows that the process of nucleate boiling in
the present experiment occurs along the horizontal axis.
An experimental apparatus was built for studying the phenomena described above, with the goal of accomplishing the following
objectives:
1. maintain the temperature of the pressure vessel for different
ranges of pressurization (allowable temperature is 650 °C [12]);
2. determine the heat transfer coefﬁcient for pressure levels of
1 bar, 5 bar, 10 bar and 40 bar;
3. compare different heat transfer coefﬁcient relations with the
data set, and suggest improvements in these correlations if
necessary.
1.1. Experimental features

Fig. 1. Schematic view of a fuel rod, pressurized water, pressure vessel and cooling
water circuit in the research simulator highlighting the ﬂow divisor and the bubble
stabilizer sections.

Fig. 3 presents the basic design of the experimental apparatus.
Table 2 shows a list of experimental conditions for the fuel rod
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Fig. 2. Illustrative pool boiling curve highlighting differences between conﬁned and
unconﬁned spaces.

tion and is pushed up along the external surface of the pressure
vessel exchange heat with the experimental capsule at the pressure vessel.
The pressure vessel has its superior part, including ﬂanges,
manufactured in stainless steel AISI-304 and its inferior part manufactured in Al Mg3 (aluminum alloy). The pressure vessel external
diameter is 35.4 mm, its wall thickness is 4.2 mm and the total
length is 1,092 mm. The pressure vessel is surrounded by the ﬂow
division tube and by an external tube, manufactured in stainless
steel AISI-304.
The annular ﬁn concept employed in this work has been used
successfully by others [13,14]. Guide discs for directing the boiling
process were ﬁrst proposed by Neumann and collaborators at the
Nuclear Research Centre, Julich, Germany, in 1968 [13].
Fig. 4 is a schematic depiction of the simulated fuel rod. The
electrically heated rod is formed by a central core of ceramic material that includes a tubular resistive element, an electric insulation
and a metallic wrapping tube. An Inconel-600 alloy was used for
the resistive tubular element. The heated length of the rod is
600 mm and the maximum design power is 48 kW. The entire
heated length was wrapped by the steam bubble stabilizer.
2. Experimental procedure

simulator and for the experimental device. The rod prototype is installed inside the ﬁrst tube, and it is ﬁtted with 153 annular ﬂow
guiding ﬁns. This set is called the steam bubble stabilizer. The
assembly was manufactured in stainless steel. The annular ﬁns
(guiding discs) must neither touch the external surface of the electric rod nor the internal surface of the pressure vessel. Heat is
transferred from the rod by nucleate boiling process by advection.
Condensation occurs when steam bubbles reach the pressure vessel inner surface. Outside there is a low pressure ﬂow of water,
which allows for convective cooling of the pressure vessel.
Between the external and the ﬂow divisor pipes, water goes
down through forced circulation imposed by the cooling water system. When the water reaches the bottom of the canal it turn direc-

The following physical variables were measured: external temperatures of rod wrapping (4 thermocouples type-K); external
temperatures of the pressure vessel (4 thermocouples type-K); input and output cooling water temperatures (2 thermocouples
type-K); cooling water ﬂow (Coriolis meter); pressurized water
pressure (transmissor PT16); electric current and voltage at the
rod simulator. The four thermocouples are distributed along the
heated length and positioned at radial angles of 90°, disposed on
the top region of the heating element, where the probability of critical heat ﬂux is higher.
Each experimental run includes operation for 30 min at the
pressure of 1 bar, to remove air from the experimental capsule.
Bubbles
Pressure stabilizer
vessel

Bubbles
External
tube

Electric
rod

Cooling water

Fig. 3. Basic design of the experimental apparatus.

Table 2
Materials and dimensions used in the experimental setup.
Component

Material

Rod wrapping
Pressure vessel
Flow division tube
External tube
Guide disc

Stainless
Stainless
Stainless
Stainless
Stainless

steel
steel-Al alloy
Steel
Steel
Steel

Ext./Internal diameters (mm)/(mm)

Design temp. (°C)

Design pressure (bar)

9.8/8
35.4/ 27
41/ 40
49/ 45
26/ 11

500
122
122
50
122

133
133
10
10
133
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which is widely used in industry. The correlation developed recently by Souza [18] for conﬁned ﬂows at low pressures is also considered here. Table 4 shows the different relations as they were
applied in this work.

AISI-304 tube
Boiling surface

Inconel-600 tube
Resistive element
r4 r3 r2 r1

Compacted
bore nitrate

Heat
flux

4. Results and discussion

Boiling region
Fig. 4. Separate parts of the electric rod; r1 = 2 mm, r2 = 2.6 mm, r3 = 4 mm,
r4 = 4.9 mm, Rod length = 600 mm.

Next, the experiments initiate according to the following procedure: (1) adjust the cooling water ﬂow at 0.39 kg/s and the temperature of the cooling water at 30 °C; (2) adjust the water pressure to
1 bar, 5 bar, 10 bar or 40 bar (speciﬁc to each experiment); (3) adjust the electric current rectiﬁer (thermal power) until reaching the
value of thermal power, that is 20% smaller than the value of critical heat ﬂow (determined by classical correlations); (4) record
data for a period of 2 min.
The heat ﬂux of typical nuclear fuel rods is well characterized
by a chopped cosine distribution along the axial length [15]. This
work considers uniform heat ﬂow, which is a conservative assumption because all measurements were executed near the critical heat
ﬂow regime.
All instruments were calibrated with secondary standards. The
overall uncertainty of each measurement results from a combination of the instrument uncertainty and the uncertainty of the adjusted calibration curve, and by the statistic uncertainty
associated with the 2-min average of the measurements carried
out by the data acquisition system. The calibration curves for all
meters were determined by the least squares method for all experimental points. Uncertainties of the primary physical variables
measured, such as temperature and pressure, and the water properties were obtained from [16]; the compound uncertainties for
the thermal power and heat transfer coefﬁcients were calculated
using the compound chain rule of Eq. 1 below [17].

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2
df
wf ¼
wi ;
dxi

ð1Þ

where f is a function of i independent variables, wf is the absolute
uncertainty associated to the function f determined by the partial
derivative of f and the uncertainties wi associated to the independent variables. The expanded experimental heat transfer coefﬁcient
uncertainty can be found in Table 3.
3. Pool boiling and ﬂow boiling relations
Several working correlations for pool boiling heat transfer coefﬁcients have been proposed in the past few decades [4,18–28].
Rohsenow [21,22,24,25] and others have proposed a number of
correlations that successfully capture the main physical processes
of boiling. Pioro et al. [25] compared various correlations and concluded that the best results for water are obtained using Pioro [23]
and Rohsenow [21,22]. Both of these correlations are used for comparison in this work, along with the correlation by Cooper [19],

Table 3 shows values of heat ﬂux, maximum vessel temperature, maximum rod temperature, average heat transfer coefﬁcient
and uncertainty for 4 different pressures. The vessel internal temperature is higher than the external temperature, and because of
this fact only the ﬁrst one is presented. The internal temperature
and heat transfer coefﬁcient were calculated using Eqs. (2) and
(3) respectively:

T int ¼ T ext þ q00 Rpw ;
q00
h¼
;
DT sat

00

2

4.1. Modiﬁed-Rohsenow relation
Rohsenow’s relation [21] assumes that the majority of the heat
transferred during nucleate boiling comes from the heated surface
to the saturated liquid, which allows us to parametrize the boiling
Nusselt number as:

Nub ¼ f ðReb ; Pr l Þ;

Psat (bar)

q (kW m

1
5
10
40

527
872
1075
1325

)

Tvessel (°C)

Tsim (°C)

h (kW m

53.6
67.3
74.2
87.4

123
178
202
266

18.1
34.8
48
73

K)

wf (%)
29
16
10
7.5

ð4Þ

Table 4
Boiling heat transfer coefﬁcient relations used in this work.
Author

Correlation

Souza [18]

/s
DT ¼ k ð1:85109 FrWe
2:76
Bo0:03 Þ
l

Cooper [19]
2

ð3Þ

where Rpw is the pressure vessel wall thermal resistance (Lpw/kpw,
with units of K m2W1) and DTsat is the difference between the
rod surface and the saturated ﬂuid temperature (°C).
The highest vessel temperature occurs for the pressure of
40 bar, and it is approximately 87.4 °C. This value is substantially
lower than the maximum allowable for the stainless steel pressure
vessels (650 °C). The maximum experimental value obtained for
the heat transfer coefﬁcient in this conﬁguration is 73 kW m2 K1.
Fig. 5 is a scatter plot for all the relations deﬁned in Table 4. The
correlations by Cooper [19], Ribatski–Jabardo [20], Rohsenow
[21,22] and Pioro [23] overestimate the values of temperature difference, which means that these correlations overestimate the heat
transfer coefﬁcient (HTC). The Jens–Lottes’ relation [29] has the
right trend but with larger spread but underestimates the HTC,
especially at higher pressure. Similarly, the recently proposed correlation of Souza [18] captures the right HTC for low values of pressure, but overestimates the HTC for high pressure, which seems to
indicate that this correlation overestimates the enhancement effect of conﬁnement at higher pressures. Rohsenow’s correlation
is the most precise (albeit less accurate), and because of this higher
precision, it was chosen as the basic functional form for a modiﬁed
correlation that is valid for all range of parameters in this study,
and that also takes into account the effect of the annular ﬁns.

Jens-Lottes [29]
Table 3
Results obtained for different conditions (1, 5, 10 and 40 bar).

ð2Þ
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Fig. 5. Calculated and measured difference of temperature between the external rod surface and the boiling water ﬂow for all pressure levels; Correlations by Souza [18],
Jens–Lottes [29], Cooper [19], Ribatski–Jabardo [20], Rohsenow [21,22] and Pioro [23] are used to generate DT values for comparison with experimental values.

where Reb is the bubble Reynolds number, and Prl is the Prandtl
number for the saturated liquid. The bubble Reynolds number is:

Gb Db

ll

ð5Þ

;

where Gb and Db are the bubble mass ﬂux and the bubble diameter,
respectively. Rohsenow uses Fritz’s [30] relation for determining
the bubble diameter, as presented in Eq. 6, and calculates the mass
ﬂux by using the Eq. 7:

Db ¼ C d b
Gb ¼

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2r
;
gðql  qv Þ

ð6Þ

/
;
h lv C g

ð7Þ

Modified-Rohsenow

where Cg is the boiling number.
Substituting Eqs. 6 and 7 into Eq. 5, the bubble Reynolds number is obtained:

Reb ¼



qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
C d b gðq2rq Þ h /C g
l

v

lv

ll

¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
C sf b/ gðq rq Þ
l

v

hlv ll

;

ð8Þ

pﬃﬃﬃ
where C sf ¼ 2C d =C g , and b is a proportionality coefﬁcient that was
assumed to be unity in the original Rohsenow’s relation.
More recently, Weckesser [31] and Luke [32] have presented
new relations for the bubble diameter considering the same functional form as Fritz [30], but including the reduced pressure in the
relation. Reduced pressure was also used by Schomann [33] in his
bubble diameter relation. The reduced pressure concept is also
used in our modiﬁed-Rohsenow relation for determining the bubble diameter:

Db ¼

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2r
:
gðql  qv Þ

1
PCred
Cdb

ð9Þ

The effect of the annular ﬁns is captured by modiﬁcation of the
bubble Reynolds number exponent presented by Rohsenow (originally equal to 0.33 but now left as a parameter to be optimized,
C2).
The complete modiﬁed relation is thus

DT ¼

hlv C sf
cp;l

35



/ C1
P
ll hlv red

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃC2

r

gðql  qv Þ

cp;l ll
:
kl

ð10Þ

30

Calc. temp. difference [K]

Reb ¼

A genetic algorithm method is used to optimize the values of the
two constants C1 and C2; the optimal values were found to be
C1 =  0.151, and C2 = 0.533.
Fig. 6 presents a scatter plot comparing this modiﬁed relation
with the experimental results. It is observed a good correlation
mainly for smaller values of temperature difference, that corresponds to higher values of pressure, where the data is more accurate (see Table 3).
A comparison between theoretical and experimental errors is
presented in Table 5, indicating that the modiﬁed relation proposed here is consistently more accurate and robust when com-
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Fig. 6. Scatter plot for the proposed modiﬁed Rohsenow relation.

Table 5
Error metrics comparison between the methodologies employed for the data set.
Correlation

MAE (%)

RMSE (%)

Souza [18]
Jens-Lottes [29]
Cooper [19]
Ribatski-Jabardo [20]
Rohsenow [21,22]
Pioro [23]
Modiﬁed-Rohsenow

42.1
34.0
24.6
38.6
38.4
23.2
9.5

46.1
46.8
28.0
41.5
41.5
26.1
12.7
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pared to the other relations for nucleate boiling at all pressure
levels.
5. Conclusions
The geometry of fuel rods and pressure vessels play an important role in nuclear reactor safety. A common cause of failure is
excessive heating due to inadequate levels of heat removal. A different geometric conﬁguration consisting of a conﬁned pressure
vessel that is ﬁtted with annular ﬁns around the fuel rod is proposed here. The rod is heated through an electrical resistance array
that dissipates up to 48 kW (simulating a PWR nuclear fuel rod).
The annular ﬁns guide the bubbles generated at the rod interface
away from the rod in the axial direction to the cooling jacket, thus
enhancing the heat ﬂow even thought the fuel rod is oriented
vertically.
The maximum temperature at the wall of the pressure vessel for
this conﬁguration and heat transfer rates was 87.4 °C, which is well
below the maximum allowable of 650 °C. Heat transfer coefﬁcients
as high as 73 kW m2 K1 were observed during our experiments.
Several correlations for boiling heat transfer coefﬁcients were
compared to the experimental data sets corresponding to different
pressures (1, 5, 10 and 40 bar). Most correlations (4 out of the 6
tested) underestimate the values of temperature difference, which
means that the calculated heat transfer coefﬁcients are higher than
the actual value. A modiﬁcation to the classic boiling heat transfer
correlation suggested by Rohsenow to account for the effect of wall
conﬁnement, the annular ﬁns (which guide the boiling ﬂow away
from the rod), and the high pressure levels of our experiments is
proposed. The modiﬁed Rohsenow correlation proposed in this
work achieves substantially better results in terms of both accuracy and precision for all pressure levels.
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